ABSTRACT: Thermostratification and seasonal light increase are generally considered the first causes of phytoplankton spring blooms in temperate waters. The objective of this study is to confirm the existence of winter phytoplankton blooms, responsible for the early exhaustion of phosphate, within the Gironde plume waters (southeast Bay of Biscay), and to understand what may initiate them so early. Two cruises, BIOMET 2 and BIOMET 3, were carried out respectively in early (8 to 21 January) and late winter 1998 (25 February to 11 March). An increase of phytoplankton biomass (chl a) between the 2 cruises and non-conservative nutrients observed in late winter confirm an early phytoplankton growth both in the Gironde plume and adjacent oceanic waters. Among factors that possibly initiate these blooms, light availability seems to be the best candidate. First, the status of available light for phytoplankton changed dramatically between the 2 cruises when comparing the instantaneous depth-averaged irradiance (E m ) received by phytoplankton with the light saturation parameter E k determined from P versus E curves. Light was limiting for phytoplankton growth in early winter according to systematically lower values of E m than E k in the daytime. However, light was not limiting during a large part of the day in late winter since E m was above E k during 40% of the daylight. 
INTRODUCTION
The Bay of Biscay belongs to the Northeast Atlantic Shelves Province, 1 of the 56 marine provinces defined by Longhurst (1995 Longhurst ( , 1998 . According to chlorophyll data from the Coastal Zone Colour Scanner (CZCS) sensors, Longhurst (1998) recognizes 4 ecological seasons in that province: (1) mixed conditions and light limitation in winter, (2) a nutrient-limited spring bloom, (3) stratified conditions during summer with localized zones of high chlorophyll along fronts, and (4) a second general bloom when the autumn gales break down the summer stratification. This is a shorthand version of the classical plankton calendar for the European continental shelf. In terms of primary production intensity, the main feature is the establishment of 'thermal' stratification in spring, resulting from increasing incident irradiance and heat (Varela 1996) . This decreases the depth of the mixed layer, and therefore increases the effective mean light received by phytoplankton, which reach positive net photosynthesis and can then outburst (Sverdrup 1953) .
Of course, many regional particularities and exceptions exist within the Bay of Biscay. For instance, physical forcing by tidal currents has a great influence northwest of the Bay of Biscay on the Armorican shelf, near Ushant Island. It creates vertical mixing all year round without any possibility of stratification (Morin et al. 1991) . During summer, the wind regime in the Cantabrian Sea, along the Spanish coast, induces a coastal upwelling (Botas et al. 1990 ) which stimulates the phytoplankton production previously nutrient-limited due to thermal stratification (Varela 1996) . As a result, the highest rates of photosynthetic carbon incorporation have been measured during the summer upwelling event rather than during the spring bloom (Fernández & Bode 1991 , Varela 1996 .
A main exception to the first role of thermal stratification (Varela 1996 , Longhurst 1998 in the initiation of phytoplankton blooms could be the 'haline' stratification. In the northwestern part of the Bay of Biscay, halostratification due to freshwater runoff was proved to be responsible for early phytoplankton development in the Bay of Brest (Ragueneau et al. 1996) and in the haline frontal zones of South and West Brittany (Morin et al. 1991) . However, the late blooming in the central part of the Armorican continental shelf is linked to the late establishment of a thermocline (Morin et al. 1991) . Freshwater extension of large French rivers on the Bay of Biscay continental shelf constitutes an important physical forcing. During some years (e.g. 1994 and 1995) , the Loire and Gironde plumes were connected. The large part of the shelf is influenced by lowsalinity vertically stratified waters (Lazure & Jegou 1998) , inducing the water column stability required for the outburst of phytoplankton, before that induced by thermostratification. The physical regulation of phytoplankton blooms by river flow-induced stratification, and more generally the rule of haline stratification, has previously been shown in coastal (Erga & Heimdal 1984 , Levasseur et al. 1984 , Thórdardóttir 1986 , Yin et al. 1996 and estuarine waters (Cloern 1984 , Ingram et al. 1985 , Pennock 1985 , Pennock & Sharp 1994 . Herbland et al. (1998) have pointed out that the spring phytoplankton growth in the Gironde plume was severely phosphorus-limited. The objective of the present study is to test the hypothetical conclusions of this previous paper: 'classical' phytoplankton blooms should occur earlier in the year, because of the conjunction of favourable climatic (light, winds regime) and hydrological (Gironde runoff, stratification) conditions. They could be responsible for the early exhaustion of phosphate.
MATERIALS AND METHODS
Sampling strategy. Two cruises were carried out aboard the French RV 'Thalassa' in the Gironde plume waters during the winter of 1998: BIOMET 2 (8 to 21 January) and BIOMET 3 (25 February to 11 March). The 2 cruises consisted of a grid of stations covering the spread of the Gironde plume from estuarine to oceanic waters (Fig. 1) .
In order to develop an accurate description of the plume during each cruise, the size of the grid and the number of stations were chosen according to (1) the predictions of the 3D hydrodynamical model (Lazure & Jegou 1998) Fig. 1 . Grid of stations for the cruises (a) BIOMET 2 and (b) BIOMET 3 cruise, (2) the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) imagery received on board, and (3) the continuous subsurface temperature and salinity records taken by an onboard thermo-salinograph.
Since both cruises were in winter, we use 'early winter' and 'late winter' in the following sections when we refer to the observations from BIOMET 2 and BIOMET 3 respectively.
Physical environment. Temperature and salinity profiles were measured with a CTD probe (Sea Bird, SBE-9/11) coupled with a rosette system composed of Niskin bottles. The system was also equipped with light sensors (Biospherical QSP-200) to simultaneously measure the surface and depth profile of photosynthetically available radiation (PAR; 400 to 700 nm).
From temperature and salinity profiles, the density vertical distribution was determined and the depth of the mixed layer (z m ) was estimated as the depth at which the density difference ∆σ t becomes > 0.2 kg m -3 with respect to surface density. The vertical attenuation coefficient K for PAR was calculated from the relation between irradiance (E z ), surface irradiance (E 0 ) and depth z using PAR data:
K is the slope of the linear regression between ln E z and depth z. Depth of the euphotic layer z e was assumed to be the depth of 1% of surface irradiance and was determined by z e = -(ln 0.01)/K.
From January to the end of March 1998, total surface incident irradiance (within spectral range 300 to 2500 nm; W m -2 ) was continuously monitored with an Aanderaa pyranometer (model 2770) located 5 km north of La Rochelle (see Fig. 1a ). These measurements were validated with meteorological data from Meteo France at La Rochelle. They were converted to PAR (400 to 700 nm; µEinst m -2 s -1 ) using the ratio of the energy in the band 400 to 700 nm to total energy (0.425) according to Jitts et al. (1976) , Morel & Smith (1974) ). Chemical and biological variables. Seawater samples for measurement of nutrients were filtered on glass fiber filters (Whatman GF/F) with a syringe filtration system. Phosphate was analysed onboard immediately after sampling on a spectrophotometer (Shimadzu UV 160) with a 10 cm optical path cell. Samples for nitrate, nitrite and silicate measurements were stored in polyethylene flasks, frozen (-20°C) and analysed later in the laboratory on an autoanalyser apparatus (Skalar). Phosphate, nitrate, nitrite and silicate concentrations were determined according to the classical methods described by Strickland & Parsons (1972) with the respective detection limit of 0.02, 0.05, 0.03 and 0.1 µM and the respective precision of 0.01, 0.05, 0.02 and 0.1 µM.
Suspended particulate organic matter (SPM) concentrations were obtained by filtration of seawater on preweighted 47 mm Whatman GF/F filters. Filters were washed rapidly with rinses of distilled water (volume < 5 ml), dried for 3 h at 50°C and then frozen.
Particulate organic carbon (POC) and nitrogen (PON) were measured by filtration of seawater on precombusted (12 h at 400°C) 25 mm Whatman GF/F filters. The filters were then frozen. At the laboratory filters were fumed overnight with HCl (36% final conc.) to remove the inorganic carbon. The amount of POC and PON was determined in a CHN analyzer (Carlo Erba 1500). For particulate organic phosphorus (POP) determination, 47 mm GF/F filters were acid-washed (HCl 1 N) before precombustion. After filtration, filters were frozen and analysed with the persulfate oxidation procedure (Pujo-Pay & Raimbault 1994) .
Total chlorophyll a (chl a) and phaeopigments (Phae) were determined by filtration of seawater on to 47 mm Whatman GF/F for the stations of the grid. Size fractionation was achieved at 5 to 8 stations. Total chl a was then measured by filtration on to 0.4 µm Nuclepore polycarbonate filters, size fraction limits being respectively 3 µm (Nuclepore polycarbonate filters) and 20 µm (nylon sieve). Filters were frozen and analysed later by the fluorometric acidification procedure in 90% acetone extracts (Holm-Hansen et al. 1965) .
Determination of phytoplankton species larger than 20 µm was achieved in late winter only by filtration of seawater (1 l) on to a 20 µm nylon sieve. The sieve was dipped in 80 ml of filtered seawater, then discarded. The sample was stored in darkness after the addition of 2 ml of Lugol's solution.
The 'light saturation parameter' (E k ), which is the intercept between the initial slope of the P versus E curves and the maximum photosynthetic rate (P m *) (Talling 1957 , Sakshaug et al. 1997 , was measured at some stations during BIOMET 3 by light-saturation experiments. The method was a slight modification of the small volume, short-incubation time procedure by Lewis & Smith (1983) : 5 ml of seawater homogeneously labelled with 2 µCi of 14 C bicarbonate (~1.5 × 10 4 Bq ml -1 ) were introduced into scintillation vials (20 ml). In a 'photosynthetron' 24 samples were incubated for 30 min with a light gradient ranging from 1 to 1600 µEinst m -2 s -1
. Temperature was regulated and fixed for each experiment at the in situ temperature. Samples were then fixed with formaldehyde, shaken after addition of 100 µl of hydrochloric acid (2 N), then stored in darkness until counting at the laboratory. The photosynthetic rate (P) data were normalized to chl a concentration (P*) and they were plotted as a function of irradiance E. The hyperbolic tangent equation of Jassby & Platt (1976) , P* = P m * × tanh(α × E/P m *), was applied to the data by least-squares fittings. E k estimations were calculated as values of the ratio P m */α (Sakshaug et al. 1997) .
RESULTS

Hydrological characteristics
Spatial extent of the Gironde plume In early winter, the Gironde plume spread northward and alongshore with pronounced horizontal gradients from the coast to offshore (Fig. 2a) . The isohaline 35.5, which could be considered as the limit between plume and oceanic adjacent waters, corresponded roughly to bottom depth of 50 to 60 m (data not shown). In late winter, horizontal salinity gradients were weak, and the Gironde plume spread offshore (60 to 70 m) (Fig. 2b) . A southward extension of the Loire plume waters was seen southeast of Yeu Island (shown in Fig. 1a ) during BIOMET 3. As a result, Loire and Gironde waters mixed in that region.
Both in early and late winter, Gironde plume surface waters were colder than oceanic surface waters (Fig. 2c,d ) (Castaing et al. 1999) . Temperatures measured during BIOMET 3 in surface plume waters (10.5 to 11.5°C) were lower than those measured during BIOMET 2 (11.5 to 12°C). This was also the case for oceanic waters with respectively 12 to 12.5°C during BIOMET 3 and 12.5 to 13.5°C during BIOMET 2.
Vertical distribution
Vertical salinity and temperature differences were very weak in early winter within the area influenced by plume waters (Fig. 3a,b ), since they were generally less than 0.5 and 0.2°C respectively. Oceanic waters (S > 35.5) were homogeneous in salinity and temperature in early winter (Fig. 3c ). Storms occurred during BIOMET 2 with typical strong winds (> 25 m s -1 ) which enhanced vertical mixing.
In late winter, vertical temperature differences were weak in plume waters (<1°C with colder waters in the mixed layer) (Fig. 3d ,e). However, haline stratification was strong between the end of January and the beginning of March in the Gironde plume waters (salinity range ≈ 33 to 35): vertical differences up to 1.5 or 2 were measured, establishing a 3 to 10 m low-salinity mixed surface layer ( Fig. 3d ,e, Table 1 ). Oceanic waters (with a bottom depth of 60 to 70 m) were still homogeneous in salinity and temperature (Fig. 3f ).
Values of vertical attenuation coefficient (K ) and depth of euphotic layer (z e )
Values of K showed pronounced spatial variability with a negative gradient from turbid plume (salinity < 33), through intermediate plume (salinity range 33 to 35) to oceanic waters during the 2 cruises (Table 1 ). For both cruises K was strongly correlated to the SPM concentration (linear correlation coefficient r of 0.971, Fig. 4 ). Values of K strongly decreased between the cruises, affecting z e . In early winter, the euphotic layer was always shallower than the mixed layer. This was also the case for oceanic waters in late winter. However, the euphotic layer of the intermediate plume became deeper than the mixed layer in late winter.
Nutrients
Range and spatial distributions
In early winter, phosphate, nitrate and silicate concentration ranges from Atlantic oceanic waters to Gironde waters (salinity = 30) were respectively 0.15 to 0.8, 2 to 40 and 1.5 to 25 µM, which reflects nutrient enrichment in the outflow of the Gironde River (Fig. 5a ,c,e). During that period phosphate of the whole Gironde plume and estuarine waters was conservative in the salinity range 16 to 35 (Fig. 6a ), as were nitrate and silicate (results not shown). As a consequence, isopleths of nutrients in the mixed layer closely paralleled the surface isohalines (Figs. 2a & 5a, c, e) .
In late winter, nutrients in the mixed layer had decreased. They ranged from 0 to 0.5 µM for phosphate, 0 to 20 µM for nitrate and 0.1 to 20 µM for silicate ( Fig. 5b,d ,f). The influence of Loire plume waters was again observed southeast of Yeu Island by an increase of nitrate concentrations. Nutrients were still conservative within the salinity range 16 to 33 (Fig. 6b ), but not above 33, which led to deviations between the isopleths of nutrients and salinity (Figs. 2b & 5b, d, f) . Differences were particularly important for silicate (conc. < 2 µM) and phosphate in the Gironde plume for which extremely low concentrations were recorded, frequently at the detection limit of the method (0.02 µM).
Vertical distributions
In early winter, nutrients exhibited mostly homogeneous vertical distribution, and average concentrations are shown in Table 2 . The vertical distribution of nutrients changed dramatically between BIOMET 2 and BIOMET 3. A strong stratification became established in late winter with different shapes of distribution, according to the different nutrients (Table 2) . Above salinity 33, phosphate was exhausted from the mixed layer, and it increased in the aphotic oceanic layer. However, nitrate and silicate reached relatively high concentrations in surface waters and low concentrations in bottom ones. In oceanic waters, phosphate was less deficient, but nitrate and silicate concentrations were sometimes below the detection limit.
Chlorophyll a and dominant phytoplankton species
Low chl a values were measured in plume and oceanic waters during BIOMET 2, with homogeneous vertical distribution (Fig. 5g, Table 2 ). Integrated chl a concentrations were higher in oceanic (16 ± 4 mg m -2 , n = 9) than in plume waters (9 ± 4 mg m -2 , n = 14). Between the cruises chl a increased dramatically both within plume and oceanic waters (Fig. 5h , Table 2) , with a parallel increase of its contribution to the sum chl a + phaeophytin a (from 49% ± 14, n = 93 during BIOMET 2, to 69% ± 10, n = 143 during BIOMET 3). Vertical distributions of chl a often showed an increase below the mixed layer (Table 2) . Integrated values ranged from 10 to 105 mg m -2 with highest values in plume waters. Stratified waters under Loire influence had also high chl a concentrations. An increase of surface chl a concentrations was also observed by SeaWiFS estimations recorded on 14 February 1998 along a NNW-SSE transect, southwest of the Gironde mouth, which was not observed before ( Fig. 7) . From the results of the 3D hydrodynamical model run for the same day, the corresponding zone was at the boundary between plume and oceanic waters (within salinity range 35 to 35.5). However, a chl a increase could have occurred in plume waters too, but such a development cannot be detected with SeaWiFS data because of the interference of turbidity in the determination of chl a when suspended matter concentrations are >1 mg l -1 (Froidefond et al. in press ). More than 80% of the chl a was contained in microorganisms smaller than 20 µm in early winter with a high percentage (54%) in the size class 3 to 20 µm. The situation was reversed at BIOMET 3 when the contribution of phytoplankton > 20 µm ranged from 50 to 80% of total chl a.
Counting and determination of phytoplankton species in the > 20 µm size fraction of surface waters showed the dominance of diatoms in late winter. Coscinodiscus sp. was the dominant taxon with some Nitzschia sp., Thalassionema sp., Thalassiosira sp., Rhizosolenia sp., and Ditylum sp.
Particulate organic matter
No coherent vertical distribution pattern of the different elements (C, N, P) of the particulate organic matter (POM) was evidenced during the 2 cruises. For that reason, POC, PON and POP were averaged for the whole water column (Table 3 ). The spatial distribution of POM clearly showed a negative gradient from the nearshore turbid plume waters to the offshore oceanic waters. Between cruises, POC and PON mean concentrations did not change, whereas POP concentrations increased by a factor of 1.8, 1.6 and 1.4 respectively in turbid, intermediate and oceanic waters. This increase 122 co-occurred with the increase of phytoplankton biomass (chl a increased by a factor of 3.8, 3.0 and 2.5 for the respective waters during the same time, Table 2 ).
DISCUSSION
Evidence of winter phytoplankton blooms
Nutrient concentrations were conservative in early winter in the Gironde plume. This is consistent with the results of the 'Réseau National d'Observation' (French national net monitoring of the marine environment quality) concerning dilution scheme of nitrate and phosphate for the Gironde waters (within salinity range 5 to 35) during winters 1974 to 1984 , 1988 to 1989 (RNO 1989 ) and 1997 (Michel et al. 2000) . On the contrary, biological consumption is obvious in late winter as shown by non-conservative nutrient concentrations in the mixed layer, within the salinity range 33 to 35 and by particularly small, often undetectable, phosphate concentrations. Below a salinity of 33, nutrients are conservative with lower values compared with those at BIO-MET 2 because of seasonal differences in the Gironde runoff and nutrient concentrations at the source. In oceanic waters (S > 35.5), phosphate concentrations also decreased, but were above the dilution straight line of Gironde waters probably because they originated from the mixing of 2 different water masses of highsalinity. In these oceanic waters, nitrate and silicate are particularly depleted (Table 2) .
At the same time, chl a concentrations increased dramatically between early and late winter in the Gironde plume and oceanic waters (Fig. 5g,h ) which is also confirmed by a SeaWiFS image recorded on 14 February 1998 (Fig. 7) . Phytoplankton biomass was dominated by microorganisms larger than 20 µm in late winter. Primary production data exhibit a similar pattern, with an increase of at least 1 order of magnitude in late winter and a main contribution of microorganisms larger than 20 µm to the total production (not shown). Phytoplankton species were essentially composed of siliceous diatoms, typical of spring phytoplankton blooms. Chl a vertical distribution in late winter often showed a gradual increase under the mixed layer; this deep chl a would not already be degraded since the percentage of phaeopigments was as small as ) as average concentrations in the mixed surface layer in the Bay of Biscay continental shelf during BIOMET 2 and BIOMET 3. Dots correspond to sampled stations that in the mixed layer (31% ± 5, n = 13). This distribution could be the result of a strong and recent sedimentation from the mixed layer of phytoplankton cells having developed prior to BIOMET 3. Therefore, field data highlight the occurrence of a late winter phytoplankton bloom, responsible for the early exhaustion of phosphate in the Bay of Biscay continental shelf, which has the same characteristics as spring phytoplankton blooms of large diatoms. The fact that spatial variations (decreasing values from the turbid plume to oceanic waters) of POC and PON were detectable on each cruise emphasizes the great importance of the non-phytoplanktonic organic matter supplied by the Gironde outflows in the POM of these waters (Table 3) , which is also confirmed by the high C:N values (between 9 and 12), compared to the classical Redfield ratio (6.6). Calculations based on a C:chl a w:w ratio of 50:1 (Banse 1977 ) and Redfield C:N at:at ratio show that phytoplankton C and N increased by a factor of nearly 3.8, 3.0 and 2.5 between the 2 cruises respectively in turbid, intermediate and oceanic waters. At the same time, POC and PON did not significantly change (Table 3) , which could be attributed to a parallel decrease of SPM (Fig. 4) . As a result, phytoplankton C and N contribution increased between the 2 cruises since they represented for the whole Gironde plume an average of 10 and 16% of the respective POC and PON in early winter and 30 and 54% in late winter. In contrast to POC and PON, the POP values showed an increase between cruises by a factor of 1.8, 1.6 and 1.4 respectively in turbid, intermediate and oceanic waters, implying smaller C:P and particularly N:P ratios of particles (Table 3) . As previously observed (Berland et al. 1988 , Pujo-Pay 1995 , in natural condi- tions, the POP, more labile than POC and PON, is a better tracer of the living or recently synthetized organic matter. However, the increase of POP is smaller than that of phytoplankton P expected from the chl a increase (deduced from a C:chl a w:w ratio of 50:1 and Redfield C:P at:at ratio of 106). It could be interpreted as a P limitation at the end of the bloom.
Causes of winter phytoplankton blooms
The seasonal cycle of production and accumulation of phytoplankton biomass in the ocean is the result of an interplay of several factors, of which the most important are temperature, nutrient availability, grazing, and light availability as a function of incident light, stratification and vertical attenuation coefficient (Thór-dardóttir 1986).
Non-determining factors
Temperature is known to have a positive effect on the growth rate of phytoplankton (Eppley 1972) . In our study, despite a slightly higher seawater temperature in early than in late winter (difference of 0.5 to 1°C), phytoplankton blooms still did not occur. Recent experiments with Gironde plume waters (cruises in the end of February 1999, data not shown) have displayed a stimulated phytoplankton growth, though temperature was as low as 10°C, confirming that seawater temperature variations in winter would not affect the onset of phytoplankton blooms.
Because phosphate, nitrate and silicate concentrations in the intermediate and turbid plume waters were significantly higher than their respective classical half saturation constant K s for uptake (< 0.1, 0.5 and 2 µM; Thingstad et al. 1993 , Del Amo & Brzezinski 1999 , Kudela & Cochlan 2000 at BIOMET 2 (Table 2, Fig. 5 ), nutrients were not limiting for phytoplankton growth in early winter in these waters. Since phytoplankton blooms were not initiated during these nutrient-replete conditions, nutrient availability should not be a triggering factor. On the contrary, silicate concentrations were close to their K s in oceanic waters in early winter. However, they were sufficient to support an increase of 0.5 to 0.6 µg chl a l -1 (according to the yield of 1.1 µg chl a from 1 µM N and equilibrated N:Si at:at ratio of 1 for diatom growth; Gowen et al. 1992) , as it was observed between early and late winter (Table 2) , and they should not be the determining factor for the initiation of blooms. Obviously, the winter phytoplankton bloom should be limited by phosphate and silicate in the intermediate plume (0.010 and 1.7 µM), while nitrate and silicate should be the limiting nutrients in oceanic waters (0.3 and 0.5 µM).
Grazing is known to limit the magnitude of spring blooms in coastal waters (Thórdardóttir 1986, Yin et al. 1996), and relaxation of grazing pressure was responsible for the onset of winter-spring phytoplankton blooms in coastal waters of Narragansett Bay (Pratt 1965 , Martin 1970 . In the Gironde plume, mesozooplankton abundance increased between early and late winter parallel to an increase of phytoplankton biomass, and grazing pressure on chl a remained the same (Vincent & Hartmann in press ). Thus temperature, nutrient availability, and grazing relaxation do not seem to be the factors responsible for the initiation of the 1998 winter phytoplankton bloom.
Determining factors acting on light availability
The Sverdrup (1953) critical depth model (SCDM) implies that available light, as the depth-averaged irradiance (E m ) received by phytoplankton within the water column, is the most important factor for the initiation of phytoplankton blooms. It establishes that, for a fixed incident irradiance, there is a critical depth (Z cr ) above which phytoplankton reach positive net photosynthesis (production exceeds losses) on a 24 h basis and can develop. In other words, the depth of the mixed layer (z m ) must be smaller than the critical depth for the outburst of phytoplankton. The Sverdrup model hypothesizes non-limiting nutrient conditions and homogeneous mixing of phytoplankton cells in the mixed layer. Sathyendranath & Platt (1994) consider that the premises of this concept are so fundamental that they must be true. Smetacek & Passow (1990) discuss some shortcomings of the model, especially with regard to the definition of the term of respiration. Also, some inconsistent observations of spring blooms in the absence of vertical stratification (Townsend et al. 1992 , Eilertsen 1993 were recently underpinned by Huisman et al. (1999) . The latter developed a turbulent diffusion model which distinguishes 2 different mechanisms for the outburst of phytoplankton blooms: the SCDM in well-mixed environments and a theory of a critical turbulence below which 'phytoplankton growth rates exceed the vertical mixing rates, and a bloom develops irrespective of the depth of the upper water layer'. Lucas et al. (1998) use numerical models to explore the possible application of the SCDM to estuarine waters. They point out that semidiurnal fluctuations of stratification generated by the tide cycle do not increase the likelihood of a phytoplankton bloom over that of a constantly unstratified water column. They provide evidence that SCDM must be refined for application in shallow tidally driven systems where processes missing from the model, that is the leakage of phytoplankton from the surface layer via sinking and turbulent mixing, are important. These situations occur where the influence of freshwater is relatively weak and tidal cycle is dominant, as in south San Francisco Bay. In the Gironde plume waters, tidal currents are weak (Pingree et al. 1982) , and their influence is limited to the Gironde estuary mouth at depths shallower than 20 m. The primary sources of turbulence are the wind and the density-driven flows (Lazure & Jegou 1998 ). In such conditions, the haline stratification due to freshwater outflows is persistent for several months when established. Therefore the depth of the mixed layer is constant and well-defined at the phytoplankton bloom scale (several days). Calculation of depth-averaged irradiance received by phytoplankton in that layer is therefore justified. E m is given by the relation: ). The importance of available light for phytoplankton growth in winter within the Gironde plume can be first (Table 4) . In early winter, E k values were not measured but were approximated to those found in late winter since they are close to the range of values previously measured in the winter of 1996 from December to March on the waters of the Pertuis Breton (position in Fig. 1a , Herbland unpubl. data). E m was always below E k during BIOMET 2 in the daytime, whereas it was above E k during 40% of the daylight in late winter (18% of the whole day) in plume waters (Table 4 ). For comparison, we observed a similar proportion of the daylight for sunny days in the same area in mid June 1998 (cruise PEGASE), when incident irradiance is known not to be limiting, and for which E k was higher (465 ± 82 µEinst m -2 s -1 ). The percentage of the whole day is higher in June because of longer daylight hours. Therefore, the comparison between E m and E k leads to the conclusion that available light was limiting in early winter when phytoplankton blooms were not initiated and was not limiting during a large part of the day after the onset of blooms. It does not prove that available light was responsible for bloom initiation, but its status changed dramatically between cruises and the potential for light as the triggering factor is to be tested. Nelson & Smith's (1991) reformulation of the Sverdrup equation for Z cr with regard to better consistency with present-day optical and biological data was validated for the control of Southern Ocean productivity. It was applied to the Gironde plume with the following form:
The factor 0.85 takes into account the approximate 15% loss of PAR due to the absorption of the band 650 to 700 nm in the upper few metres of the water column. r is the part of reflected PAR. The measured values of r (see Froidefond et al. in press for the methods) ranged from 0.04 in oceanic waters to 0.06 in the turbid plume at BIO-MET 2 and from 0.01 to 0.015 in oceanic and intermediate plume waters respectively at BIOMET 3. E 0 is the time-integrated PAR for a 24 h period expressed in µEinst m -2 s -1 . I c is the irradiance at the photocompensation depth. It was estimated to be approximately 35 µEinst m -2 s -1 by Perry & Marra (unpubl.) in the Gulf of Maine taking into account most naturally occurring losses of phytoplankton biomass which must be considered in the respiration term of SCDM (grazing, sinking). Results show that Z cr was largely shallower than z m in early winter, whereas Z cr (35 m) was greatly deeper than z m (9 m) in the intermediate plume in late winter (Table 1) . For oceanic waters, z m is estimated as the depth of the bottom (60 to 70 m) and is within the range of values for Z cr in late winter. Therefore, according to the Sverdrup model, available light received by phytoplankton was not sufficient for the outburst of bloom in the Gironde plume and oceanic waters in early winter, although it was sufficient in late winter. It confirms that available light is the triggering factor of winter phytoplankton blooms in the Gironde plume and adjacent oceanic waters.
Comparing bloom occurrence periods in numerous estuaries on the east coast of the United States and the corresponding depth-averaged irradiance, Riley (1957) suggests an empirical critical irradiance of 0.03 g cal cm -2 min -1 (= 20.9 W m -2 ) required for blooming in temperate coastal waters. This value is a monthly average of 24 h integrations of the total amount of light received in the mixed layer. Application of this critical value enabled a prediction of the onset of phytoplankton blooms in Narragansett Bay (Hitchcock & Smayda 1977) , and it was applied with success on the Armorican shelf of the northwest Bay of Biscay (Morin et al. 1991 (Table 5) . Those calculated during BIOMET 3 with K and z m values of 0.19 m -1 and 9 m were greatly above. In oceanic waters, mean irradiance was strongly below Riley's critical value during BIOMET 2 and came close to Riley's limit during BIOMET 3. The reaching of Riley's critical mean irradiance during BIOMET 3 and not during BIOMET 2, together with observed phytoplankton blooms during BIOMET 3, point out that Riley's critical mean irradiance (20.9 W m -2 ) could be applied within the Gironde plume and adjacent oceanic waters to predict the onset of phytoplankton blooms. The calculation of the minimum incident irradiance required for onset of phytoplankton bloom (with Riley's E m critical value and in terms of K and z m , Fig. 8 ) than during BIOMET 2 (respectively 200 and 325 W m -2 ) because of change in K and z m conditions. In the same time, the incident irradiance slightly increased from an average of 85 W m -2 in January to 128 W m -2 in February. This indicates that changes in water column stratification and vertical attenuation coefficient (correlated with turbidity) prevail upon the incident irradiance in the initiation process of winter phytoplankton blooms. In oceanic waters with a bottom depth of 60 to 70 m, the decrease of K was essential for the increase of phytoplankton biomass.
The role of halostratification for the outburst of phytoplankton has been previously described in coastal waters (Thórdardóttir 1986 , Morin et al. 1991 , Yin et al. 1996 . It was often studied in tidal estuaries (Fortier & Legendre 1979 , Cloern 1984 , 1991 , Pennock 1985 , Demers et al. 1986 , Pennock & Sharp 1994 , Ragueneau et al. 1996 . In such systems stratification dynamic is complex with variability associated with the semidiurnal and weekly fluctuations in tidal energy (Simpson et al. 1990 , Cloern 1991 , Koseff et al. 1993 , Lucas et al. 1998 ). In the eastern part of the Bay of Biscay, tidal currents are weak and the evolution of river plumes depends on the river runoff and winds (Lazure & Jegou 1998) . In early winter 1998, northward-alongshore extension of the Gironde plume is linked to high Gironde runoff (1500 m 3 s -1
) and southwest winds. However, in late winter, offshore extension is ascribed to weak river runoff (650 m 3 s -1 ) and northeast winds. The transition between these 2 physical regimes corresponds to the transition from high vertical mixing-high vertical attenuation coefficient to halostratification-low vertical attenuation coefficient. Variations from year to year in runoff, direction and velocity of winds should have a determining effect on the timing of phytoplankton blooms, as was previously suggested in other coastal waters (Winter et al. 1975 , Erga & Heimdal 1984 , Ingram et al. 1985 , Thórdardóttir 1986 , Yin et al. 1996 . As E 0 is a meteorological measurement easily accessible and z m and K could be approximated by, respectively, the 3D hydrodynamical model and the SeaWiFS data, which provide values of K at 490 nm, it becomes possible, using Riley's E m critical value (Fig. 8) , to determine the timing of blooms in the Bay of Biscay continental shelf.
CONCLUSION
The initial hypothesis of this study that phytoplankton blooms occur early in the year, and are responsible for the early exhaustion of phosphate in the mixed layer of the Gironde plume is verified for winter 1998. These winter blooms have the characteristics of classical spring blooms (i.e. large diatoms) for temperate waters. The environmental conditions required for the outburst of phytoplankton are an increase of light availability by the establishment of haline stratification and/or the weakness of the vertical attenuation coefficient. The consequences on the planktonic food web would be similar to those observed during spring 1995 in the same area (Herbland et al. 1998) , which means the structuration of the planktonic food web towards the dominance of small phytoplankton cells (< 3 µm) and grazing mainly realized by microzooplankton (Sautour et al. 2000) . Finally, we can suppose that similar processes are effective for the Loire, the other large river on the French Atlantic coast. Other studies are necessary to (1) validate this extrapolation, (2) define the variability in space, time and intensity of the winter phytoplankton blooms, and (3) understand the food web consequences, especially towards a perspective of small pelagic resources.
